SUMMARY CSF-hydrodynamic investigation using the constant pressure infusion method was used in children. The CSF nurse's lap. The child was usually investigated without general analgesic or sedative medication in order not to disturb the physiological conditions but local anaesthesic was carefully injected into the skin and into the interspinal ligament before the lumbar puncture. For infants up to twelve months of age modified scalp vein needles were used. Prior to the lumbar puncture, the scalp vein needle was bent at the end to prevent insertion of cutaneous material into the lumens. The needles were joined to the connecting tubes, and needles and tubes were filled with artificial CSF.12 A suitable needle position could then be established with the aid of the analogue recorder, which operated pulse synchronously when the needle's lumen was well positioned in the subarachnoid space. One needle was in constant connection with the subarachnoidal space for measurement of the actual CSF pressure, another needle was used for infusion. Puncture was usually performed with both needles inserted into the same interspace (L3-4 or L4-5). The scalp vein needle tubes were fastened with tape on to the patient's back; the child then was carefully placed in the supine position in a specially constructed bed with a hole for the two lumbar needles in the canvas bottom. For older children disposable needles were used having a diameter of 0-7 or 0-9 mm. From 6-7 years of age the children were placed in a specially constructed chair, changeable to a bed.12
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It is of importance that no CSF is lost during insertion.
Any CSF loss causes a decrease in the pressure and must, therefore, be replaced with artificial CSF. For the same reason it is also important to avoid leakage of CSF due to multiple punctures of the meninges.
For registration of the basal CSF hydrodynamic variables it is necessary that the child lies supine. The child must lie still for [3] [4] hours for a complete investigation. In many cases this has not caused any problems thanks to the supine position and to the presence of nurses or parents. An 536 Cerebrospinalfluid hydrodynamic studies in children investigation of this length cannot be performed in the lateral recumbent position because of inability to lay still. In some cases, the children moved too much and changes in position of the needles caused undue leakage of CSF. In these cases another examination had to be performed later.
The zero reference point was the sagittal midpoint of the skull. This corresponds fairly well with the centre of the right atrium when the patient is in the supine position.
The CSF resting pressure was recorded until a stable pressure level was reached. Usually this occurred within 30 minutes. Thereafter the bottle containing artificial CSF was connected and the pressure adjusted to about kPa above the resting pressure. The flow rate was estimated indirectly by continuously recording the weight of the bottle. When a constant pressure and flow rate was achieved after approximately 5-10 minutes the infusion pressure was increased stepwise by 0 5 or I -0 kPa. In this way 5-8 related pressureflow values were obtained in each investigation (fig 2) . The slope of the regression line corresponds to the conductance of the CSF outflow pathways, that is the ease with which CSF leaves the subarachnoidal space.
Subsequently the infusion was stopped and the pressure was allowed to return spontaneously. The pre-infusion value 537 was usually the level then attained. In some cases, when the children were still co-operative, the investigation was continued with CSF formation rate recording. By lowering the pressure in the bottle to 0-25-0-4kPa, an outflow of CSF into the bottle was obtained (fig 3) . All the CSF formed was assumed to be drained into the bottle.
Lumbar puncture is considered to be contra-indicated in some instances of increased intracranial pressure such as suspected posterior fossa mass lesions and in acute epidural haematomas. Our investigations have been done with respect to this. Cases with risk of developing herniation either have not been examined or have been investigated in collaboration with a neurosurgeon and special care has been taken in these cases just to register the pressures, not to change the existing equilibrium. SI units have been used throughout and the following symbols are used:
Pcr= lumbar resting CSF pressure, kPa PS= sagittal sinus pressure, kPa Pdop = pressure difference across outflow (arachnoidal villi), kPa G = conductance of CSF outflow pathways, mm3kPa-is-I qf = CSF formation rate, mm3s -1 1 kPa = 7-5 mm Hg = 102 mm H20 1 mm3kPa-1s-1 = 6-10-3 ml (cmH20)1 =8-10-3 (mm Hg)-1min1
Material Three hundred and fifteen measurements were performed on 232 children with an age range of 2 days to 15 years. In 70 instances an investigation including infusion of artificial CSF was performed. In 18 children the CSF formation rate was also measured. In 245 cases recording entailed only pressure measurements.
The indication for the investigation was always suspicion of disturbed CSF hydrodynamics. Many of the children were examined several times. Some results were obtained from measurements after therapeutic procedures. The investigations were all done on clinical grounds and the parents, and when old enough the children, gave their informed consent for participation. The University Ethics Committee of Umea approved the project.
Results
The CSF hydrodynamic parameters The CSF pressure varied synchronously with pulse and respiration. The amplitude increased with increasing CSF pressure. When the CSF pressure was raised from 10 to 2-5 kPa the amplitude increased from 0-2 to 0-5 kPa in children with fontanelles and sutures open. In children with closed fontanelles and sutures the amplitude increased from 0 3 to 0-8 kPa when the CSF pressure was raised in the same way. The mean between the highest and lowest amplitude was read and that value of the CSF pressure was used in the following.
In the majority of the recordings there was a linear 5-95% of CSF fonnation rate within 30-10-0mm3s-1; mean 6-8 mm3s-1 5-95% of pressure difference across the CSF outflow pathways within 0 2-1 0 kPa, mean 0 5 kPa (case 66 excluded). Complications to the CSF hydrodynamic investigation In three children symptoms of intracranial hypertension appeared after the examination. All three children had malfunctioning shunt systems. One girl operated for myelomeningocele after the termination of a CSF hydrodynamic investigation showed leakage of CSF in the back through the puncture canals of the needles. Four children acquired symptoms indicating meningitis. In one of them staph. albus was isolated from the CSF. In the three other cases no bacteria were shown and the equipment and the fluids used were in Blomquist all cases sterile; in two of the cases, however, the infusion fluid proved to contain pyrogens. All patients recovered fully.
Discussion 1 THE CONSTANT PRESSURE INFUSION METHOD IN CHILDHOOD
Increased intracranial pressure is a serious condition. It may cause mental and/or neurological deterioration and also death. An early and unequivocal diagnosis of increased intracranial pressure is important both in the neonatal period and later on. Complications of shunt treatment are common and sometimes difficult to recognise. The CSF hydrodynamic examination must, together with other methods, be evaluated in this context. Some authors have tried to obtain information on the CSF hydrodynamics by non-invasive methods.
Thus Edward"9 used a modified Schiotz tonometer, We used the constant pressure infusion method in children of different ages. The examination was employed without general anaesthesia but necessitated time and patience from both the child and the staff. The dimensions of the needles must not be too small. The position of the needles must be correct and stable throughout the whole investigation. Owing to physical (such as kyphoscoliosis), psychological or technical reasons this was not always achieved. In the youngest children with open sutures the skull was very compliant. Any elevation of the intra-cranial pressure in these cases directly resulted in an increased skull volume.
THE NORMAL CSF HYDRODYNAMIC VALUES IN

CHILDREN
The CSF resting pressure The CSF resting pressure in our "healthy" children aged 1 month to 15 years had a 5-95% range of 1O 1-6 kPa with a mean of 1-3 kPa.
There are relatively few reports of the CSF resting pressure in normal children. Quincke28 in 1902 gave a value in mm Hg comparable to 0-5 kPa. Sidbury29 gave figures comparable to 0-30-7 kPa, Levinson30 0-1-0-8 kPa, Munro3l 0-3-0-8 kPa, Lups and Haan32 04-1 0 kPa, Brock and Dietz33 less than 1-3 kPa, Minns and Brown34 less than 1 6 kPa, Di Rocco et al9 Cerebrospinalfluid hydrodynamic studies in children 543 The normal CSF pressure conditions, especially in newborn infants, need further investigation. The whole concept of "normal" CSF pressure is under discussion. Adams etal39 pointed out that the force on the wall of a fluid-filled container is equal to the product of pressure and surface area over which the pressure is exerted. Thus, in addition to the CSF pressure recorded, the size of the ventricles is of importance when considering any damaging effect on the surrounding brain. The exact size of the ventricular system, has, however, not been determined in the children in the present study.
The conductance of the CSF outflow pathways Information on the conductance of CSF outflow pathways in normal children is not available in the literature. The conductance in three "healthy" children in the present study was 5 8, 5-8 and 10-2 mm3kPa-'s-' (table 1) . In cases with different diagnosis but with CSF resting pressure within the "normal" range 1 0-1 6 kPa the conductance ranged 2-038-9 mm3kPa-'s'- (fig 7) .
Cutler et al4 using the ventriculo-lumbar perfusion technique in examining eight children with subacute sclerosing panencephalitis and four children with pontine gliomas found a conductance of about 13 mm3kPa-1s-' and Martins40 using the constant infusion technique in seven patients (age and diagnosis not given) found a conductance of 8-24 mm3kPa 1s-1 Portnoy and Croissant 5 in nine children with myelomeningocele and hydrocephalus investigated with a constant CSF pressure method before shunting found a conductance of 6-3-38-6 mm3kPa-'s-'. Caldarelli eta1 used the subarachnoidal infusion test in three groups of children. In one group of 28 non-shunted hydrocephalic children they found a conductance of 2-8-11-6 mm3kPa-s-. In another group of 21 children with a diagnosis of cerebral atrophy the value of the conductances fluctuated from 6 7 to 21 1 mm3kPa- 's- and in a third group of 10 children with craniosynostosis or microcephalia conductance values between 4-0 and 12-7 mm3kPa-s-were obtained.
In all these cited investigations the values for conBlomquist, Sundin, Ekstedt 544 Cerebrospinalfluid hydrodynamic studies in children ductance or resistance have been given in other unit values but are by us recalculated as conductance in SI values. Ekstedt"4 gave the following values for conductance in normal adults: 12-26 mm3kPa-1s-l.
Our figures seem to be in quite good agreement with the results of the cited authors.The wide range of the values probably depends on the compliant skull in young children. CSFformation rate The 5-95% range of the CSF formation rate found in the present study in 17 children with different diagnoses (table 2) was 3-0100 mm3s-' with a mean of 6-8 mm3s -The CSF formation rate in quite healthy children is not given in the literature. Using perfusion techniques in 12 hydrocephalic children Lorenzo et al found a CSF formation rate mean value of 5.0 mm3s-1 and in eight hydrocephalic children Page et al4 found a mean value of 4-6 mm3s-1. Portnoy and Croissant'5 using a constant pressure drainage method in nine children with myelomeningocele and hydrocephalus found a mean CSF formation rate of 4-8 mm3s
An elevated CSF pressure may reduce the CSF formation rate but in one of our cases with a CSF resting pressure of 2-4 kPa the CSF formation rate at 025 kPa was 7*7 mm3s-1 (table 2) .
Conclusions regarding any relation between the CSF formation rate and the age and diagnoses cannot be drawn from this limited material. In normal adults Ekstedt' 4 found a 5-95% range of 45-995 mm3s-I with a mean of 6-7mm3s-1 + 1-4 (SD). The mean value for children in the present investigation is very similar.
The pressure difference across the CSF outflow pathways The normal value of the pressure difference across the CSF outflow pathways in children has not so far been known. The mean values in 17 of our children (with known CSF formation rate, table 2) was 0-5 kPa with a 5-95% range of 0-2-1 0 kPa. Ekstedt'4 in normal adults obtained the comparable values 0-4 and 0-3-036 kPa, respectively.
The pressure in sinus sagittalis A simple, safe method for directly registering the pressure in sagittal sinus is desirable but so far not available. The pressure in sagittal sinus can be calculated from the recorded values of resting pressure, conductance and CSF formation rate (see above).
Any inaccuracy in these will be reflected in the value of the pressure of sinus sagittalis. When a fixed estimated value of the CSF formation rate of 6-8 mm3s-1 is used, the calculated przessure in sagittal sinus will sometimes be negative. A negative sagittal sinus pres-545 sure is not probable. The CSF formation rate has in such a case been incorrectly estimated. With another value of the CSF formation rate the calculated pressure in sagittal sinus becomes positive. The number of investigations including CSF formation rate recording and thus including a "true" value of the pressure in sinus sagittalis is too small for a conclusion to be drawn. The distribution and mean (04-1.7 kPa, 1 1 kPa) are, however, in agreement with comparable values (0-7-1-4 kPa and I10 kPa) in normal adults.14 The CSF hydrodynamic variables in children The 5-95% range and the mean values of the hydrodynamic variables for some children are summarized in table 8. It must again be underlined that the "healthy" status concerning the CSF hydrodynamic in our children ( Spontaneously arrested hydrocephalus Di Rocco et alP discussed the definition of "arrested" hydrocephalus and stated that when the size of the intracranial spaces containing CSF stops an abnormal progressive dilatation and follows the normal rate increase related to growth, the hydrocephalus might be regarded as "arrested".
Hagberg and Naglo44 in a study of 45 conservatively managed hydrocephalic children concluded that conservative management was justifiable during the first 5-6 months of life in slowly progressive cases but no longer if the increase in skull growth then seemed uncompensated. They found no safe criteria for aiding in the decision regarding operation. Bird etal8 studied four patients with suspected arrested communicating hydrocephalus with constant infusion saline manometry. In three cases the diagnosis was confirmed. However, in one child the headgrowth, clinical signs and skull radiographs were misleading. The infusion pattern was abnormal and the child needed a shunt. Di Rocco etalP investigated 18 children having hydrocephalus which could be regarded clinically as "arrested". With the constant flow infusion manometric test they revealed normal CSF resting pressures but still "active" hydrocephalus in seven children. Caldarelli etal' employing the lumbar subarachnoid infusion test recorded CSF pressures above normal limits in three of five children clinically regarded to have "arrested" hydrocephalus.
In the present study children with elevated CSF resting pressure were not classified as arrested. In arrested cases examined hydrodynamically (table 4) none had an increased pressure in the sagittal sinus or over the CSF outflow pathways but the conductance values seemed to be higher in this group than in cases with uncompensated hydrocephalus (table 3) .
Non-communicating hydrocephalus
In infants with very fast headgrowth a nonBlomquist, Sundin, Ekstedt communicating hydrocephalus must be suspected. The viscoelasticity of the content of the skull and the spine usually results in a good correlation between the intraventricular and lumbar pressures but in noncommunicating hydrocephalus they may not be equal and a hydrodynamic study with a lumbar approach may thus be of limited value. Furthermore, a lumbar CSF removal may give rise to a tentorial herniation. 45 The risk of this is however slight as long as fontanelles and sutures are unclosed.
In one examined case with aqueduct stenosis (case 66, table 2) the CSF resting pressure was normalised after a shunting procedure. The low value of the CSF formation rate (08 mm3s-') does not represent the true situation in the skull cavity.
Macrocephalus
Children with occipito-frontal head circumference exceeding 2 SD of the mean for their chronological age are often designated macrocephalic. Macrocephaly can be the result of different intra-or extracerebral processes but is usually a familial characteristic in quite normal individuals.47 Ellison48 reviewed 44 children with inappropriately enlarging heads. She considered computed tomography (CT) a safe noninvasive technique for measurement of ventricular size and stated that infants with inappropriately enlarging heads after the neonatal or early infant period need careful evaluation and follow up but the majority will not be candidates for a shunt. Day and Schutt49 studied 15 normal children with large heads (circumference more than 0 5 cm above the 98th centile in the graphs of Nellhaus) and found ventricular measurements of CT scan within normal range in all but one. Eleven of the children had one parent with a large head and as in the family described by Asch and Myers47 there was a predominance of males.
Portnoy and Croissant'6 examined seven boys with the diagnosis megaloencephaly according to the criteria of DeMyer.Y In radiographic examinations they found the ventricular size normal or minimally enlarged and non-progressive and in CSF hydrodynamics studied through a modified constant pressure infusion method they found a normal conductance and calculated an elevated sagittal sinus pressure. They postulated that a megaloencephaly is developed from an increase in parenchymal fluid volume secondary to an increase in sagittal sinus pressure. The minimal nonprogressive hydrocephalus seen in some of these infants may be explained by coexistence of the increase in sagittal sinus pressure with open cranial sutures resulting in a transient nonhydrostatic loading of the brain parenchyma.
Our hydrodynamically examined macrocephalic children had relatively moderate head sizes ( 
Craniosynostosis
Moss in his review5' of the functional anatomy of cranial synostosis underlines that the sutures are the locus of secondary compensatory and mechanically obligatory growth which follows a prior separation of adjacent cranial bones. When compensatory possibilities in the skull are lacking severe symptoms such as increased intracranial pressure, papilloedema, optic nerve atrophy and mental retardation may arise."2
In our cases (table 7) the craniosynostosis was either the result of a primary defect or of a shunting procedure. The variability in symptoms was great. Most cases with an elevated CSF resting pressure had papilloedema but not all of them. Case 65 illustrates the situation after a shunting procedure; a low CSF resting pressure and craniosynostosis was followed by an elevated intracranial pressure. The pressure was normalised by the subsequent craniotomy.
Complications of the investigation No signs of tentorial herniation occurred. However, in three cases shunt dysfunction was proved and the children acquired symptoms of intracranial hypertension while waiting for shunt revision. One child with an elevated CSF resting pressure showed leakage of CSF through the puncture canals after the investigation. To avoid this, later on, the skin was pushed somewhat aside before the punctures especially in cases of myelomeningocele. Although strict antiseptic conditions were maintained four of the children developed meningitis.The demonstrated Staphylococcus albus in one case may be pathogenic but this was not proven. All the children recovered quickly. To avoid pyrogens the control of the artificial CSF was improved. Some children suffered minor complications such as transient thigh pain, low back pain or postural headache but in most cases there were no symptoms at all. With due precautions the complications of the investigation are few but the children should be closely observed during and after the investigation and CSF hydrodynamic studies 547 should be restricted to hospitals with a neurosurgery department.
